Tungsten rods of 1×1×3mm were exposed in single H-mode discharges at the outer divertor target plate of ASDEX Upgrade using the divertor manipulator system. Melting of the W rod at a pre-defined time was induced by moving the initially far away outer strike point close to the W-rod position. Visible light emission of both the W-pin and consecutively ejected W droplets were recorded by two fast cameras with crossed viewing cones. The time evolution of the local W-source at the pin location was measured by spectroscopic observation of the WI line emission at 400.9 nm and compared to the subsequent increase of the tungsten concentration in the confined plasma derived from tungsten vacuum UV line emission.
Introduction
Tungsten will be used in ITER for divertor and baffle plasma facing surfaces because of its high sputtering resilience, low T fuel uptake and favourable thermo mechanical properties. fraction of the corresponding W-source will in turn penetrate the confined plasma, which is of critical importance for the performance and safety of plasma operation. An additional issue is the distribution pattern of surviving droplets, because of their potential to cause additional surface damage at those locations where they eventually end up. First experimental studies on the behaviour of liquid tungsten ejected into the divertor plasma by means of controlled tungsten melt events in the divertor of ASDEX Upgrade were presented in [1] . Adding a second, tangentially oriented, fast camera system to the original setup with a vertical view down into the divertor, allowed to resolve the full trajectory of ejected droplets and to identify the dominant forces, which determine the motion of the droplets.
Experimental setup and procedure
For the tungsten ejection experiments a probe head equipped with a W-pin of 1×1 mm 2 crosssection protruding 3 mm above the plasma facing surface was constructed for the ASDEX Upgrade divertor manipulator system (Fig. 1) . The probe exposure position is located at the outer divertor target plate in the middle of divertor sector 2. Plasma flux and temperature were measured by flush mounted Langmuir probes [2] in sector 8 (i.e. 135° toroidally from the pin position) while the power flux to the target plate was measured by a thermography camera system [3] . Spectral line emission in the visible range at the sample exposure location was detected by an array of optical fibres ( Fig. 1) viewing the sample surface from below the dome baffle with the attached spectrometer tuned to the wavelength range around the tungsten WI line at 400.9 nm [4] . For the experiment discussed here, the W-pin sample was exposed in a H-mode discharge, #26751, with plasma current 0. For the observation of W droplets ejected from the melting W-pin into the divertor plasma, two fast visible range camera systems (frame rate 20000 fps) were installed. Figure 4 shows views into the vessel from the respective camera ports computed from the 3D CAD model of the ASDEX Upgrade vessel interior [5] . The transparent white overlays denote the cameras' field of view. One camera with a resolution of 256 256 pixels was mounted at the vessel top viewing vertically down to the exposure position ( Fig. 4a ) with its field of view spanning approximately 3 of the 16 toroidal sectors of the vessel. The second camera system with a resolution of 512 512 pixels was installed at a mid-plane main chamber port viewing tangentially towards the exposure position (Fig. 4b) . A direct view of the tangential camera to the exposure position is shadowed by the inner divertor baffle but W-droplets moving downstream will come into view at 20   toroidal distance from the W-pin (Fig. 4a ). To improve contrast of the droplet light emission against the bright plasma background light in the divertor, both cameras were equipped with a H  /H  rejection filter.
Experimental results
The movie taken with the downward viewing camera shows the W-pin glowing brightly already during the ramping-up phase of the NBI heating. Ejection of W droplets started at 2.0s t  when the strike point closed in to 6cm  distance below the W-pin. By computing an overlay of subsequent camera frames, the trajectories of ejected droplets can be visualised.
The overlays were computed by extracting single frames in 2 ms time steps from the movies and normalising each frame with its average brightness to reduce distortion by bright frames during ELMs. Then the maximum value of each pixel over all frames in the given time interval was taken to construct the overlay image. Figure 5 shows the results for the time interval from 2.25 2.36s t   with the camera frame overlays projected in the respective viewing areas within the 3D CAD representation of the vessel shown in Fig. 4 . Both at the vertical (a) and tangential (b) camera view ejection of single droplets from the pin location is seen, which move in plasma downstream direction (Fig. 5a ). The photo of a just partially molten W-pin after plasma exposure in Fig. 6 confirms that already before droplet release melting material moves toroidally in the direction of the plasma flow. This indicates that plasma friction is the dominant force acting on the tungsten melt, causing eventually release of melt droplets. Apart from friction, the radial thermal electron emission current with the toroidal magnetic field will produce a corresponding Lorentz force directed upwards against gravity. However, while these forces influence the motion of melt layers on a plasma exposed surface [6] they have no apparent effect on the W-pin.
As already reported in [1] based on only the vertical camera view (Fig. 5a ), ejected droplets move initially toroidally along the target plate but after some time start to move radially outwards. This means that the droplets must at the same time move vertically upwards, which can now be directly observed by the tangentially viewing camera system (Fig. 5b) . From the available geometry information of the cameras' optical systems expressed in 3D vessel coordinates, the trajectory of the droplets can be computed in the vessel coordinate system. To obtain an estimate for the typical droplet mass and diameter, the total amount of lost molten mass was determined by weighing the W-pin pre-and post-exposure including resolidified residue at the sample surface. For the pin exposed in #26751 the mass loss was 16.5 mg. Assuming that this mass were entirely contained in the 13 ejected droplets counted in the movies of #26751, the average mass of a droplet would be 1.27 mg, corresponding to a diameter of 500μm.  As will be shown in the following section, this droplet size is in contradiction to the observed droplet trajectories, which suggest a smaller diameter.
Forces on the W droplets
The time dependence of the observed toroidal and vertical droplet motion allows to draw conclusions on the forces acting on the droplets and their relative strength. In [1] it was shown that the droplet acceleration in toroidal direction is mainly due to plasma pressure forces and rocket forces, whereas electrostatic and Lorentz forces are orders of magnitude smaller for expected droplet sizes. However, it should be noted that the latter contributions become significant for the typically much smaller dust particles in the plasma boundary [7] .
The plasma streaming around a droplet exerts a friction force in direction of the intersecting magnetic flux tube, which, taking into account that the velocity of the droplet is negligible against the plasma velocity, can be approximated by the force due to the plasma pressure difference between the upstream and downstream facing side of the droplet. Because the velocity of the droplet is small compared to the plasma flow velocity, one can consider the droplet as an immobile material target in the plasma. Using the expressions derived in [8] 
Apart from the friction force, an additional rocket force may act on the droplet also in direction of the intersecting magnetic flux tube because the corresponding parallel power flux reaches only the upstream facing side of the droplet. Provided the droplet does not rotate, the resulting temperature gradient in the droplet will lead to a net force due to the correspondingly inhomogeneous droplet ablation. The full solution of this problem for the surface ablation of a sphere with power flux to only one illuminated hemisphere is beyond the scope of this paper.
However, an upper bound for the ablation force can be derived by approximating the droplet as thin plate. Following [1] the resulting rocket acceleration is
with T  and T  denoting the droplet temperature at upstream and downstream facing surface respectively. These temperatures can be computed from the total power balance at both surfaces. At the upstream facing surface the power flux q  received from the plasma is balanced by the power loss due to tungsten evaporation, thermal radiation and by heat transport to the downstream facing surface:
At the downstream facing surface we assume the power flux to the surface as negligible and
The power loss by tungsten evaporation is given by the product of the specific evaporation 
The electrical field due to the sheath potential drop strongly increases towards the surface. As a result the droplet will always assume an equilibrium distance d where the forces towards the surface are balanced against the electrostatic repulsion. 
Because the local plasma parameters at the target plate vary poloidally across the target plate, the poloidal droplet position ( ) s t appears implicitly in the right hand side of eq. (5) and also in the right hand side of eq. (7) by its dependency on   ( ) . 
with free parameters 0 0 , , , , ,
to the Langmuir probe data (Fig. 3) . Figure 9 shows solutions of eqns. (5, 7, 8) for several initial droplet diameters. Comparing the toroidal and poloidal trajectories to the observed droplet motion (Fig. 5) confirms again that the ejected droplets must be significantly smaller than the mass loss based estimate of 500μm.
The observed droplet trajectories are only compatible with initial droplet diameters of 60 100μm.
 
Smaller droplets evaporate so fast that they travel less than the observed toroidal distances before they vanish. Larger droplets fall down because their toroidal acceleration is too small so that the upward directed inertial force never exceeds gravity.
Droplet lifetime and divertor screening
To determine the divertor screening of tungsten atoms originating from the W-pin melt erosion, one has to relate the local W source to the resulting penetration of the confined main plasma by W ions escaping the divertor. Figure 10a shows 
From the measured time evolution of W c one can then derive the divertor screening factor by integrating eq. (10): 
Conclusions
Controlled tungsten melting experiments were for the first time carried out in a divertor tokamak with ITER relevant geometry and boundary plasma conditions. After heating a Wpin exposed at the outer target plate to melting temperature of tungsten, ejection of molten t o r o id a l t a r g e t p la t e s e c t io n s e e n b y t a n g e n t ia l c a m e r a 
